Background: The hydrocoral Millepora is an important framework builder that dominates shallow turbulent environments in the Indo-Pacific and the Atlantic-Caribbean. The Caribbean representatives of the genus are classified in four species -Millepora alcicornis, Millepora complanata, Millepora striata, and Millepora squarrosa -but their taxonomic boundaries are not clearly defined. We used mitochondrial gene sequences to delineate the four Millepora species and evaluated whether morphological traits and mitochondrial sequence divergence were correlated for two most common species M. alcicornis and M. complanata. Results: Samples were collected from Puerto Rico, Guadeloupe, Curaçao, Grand Cayman, and Panama during 2006 to 2007. Diameter of dactylopores distinguished the branching and encrusting morphotypes of M. alcicornis and M. complanata, and gastropore diameter discriminated between M. alcicornis and M. complanata. High levels of haplotypic diversity (H d = 0.94) were observed, with the most common haplotypes shared by M. alcicornis and M. complanata. Sequence divergence ranged from 0% to 3% among M. alcicornis, M. complanata, and M. striata to 25% between these three species and M. squarrosa. Bayesian analysis of cytochrome oxidase subunit I (COI) gene indicated the presence of three Caribbean taxa: M. squarrosa, M. striata, and the 'species complex' encompassing the morphologies displayed by M. complanata and M. alcicornis. Conclusions: The branched M. alcicornis and encrusted M. alcicornis and M. complanata can be differentiated morphologically but not genetically. Phylogenetic analysis suggests that the Caribbean milleporids include three species -M. squarrosa, M. striata, and the species complex of M. alcicornis-M. complanata. Millepora striata is closely related to the M. alcicornis-M. complanata species complex.
Background
The hydrocoral genus Millepora consists of 19 species distributed in warm waters around the globe. Twelve of these are found in the Indo-Pacific and seven in the Atlantic-Caribbean, with no common species between the two oceans (Boshma 1948; Cairns 1999; Amaral et al. 2008) . Some Millepora species are important framework builders in some locations as they dominate shallow turbulent environments, forming dense reef rims contributing to the stabilization and complexity of the carbonate structure (Lewis 1989; Edmunds 1999) . Additionally, Millepora are voracious plankton feeders, consuming up to 8 prey cm −2 day −1 (Lewis 1992) . Milleporids are superior space competitors over gorgonians (Wahle 1980) and are immune to predation by the starfish Acanthaster planci (Lewis 1989) . However, Millepora is one the first cnidarians to lose its zooxanthellate symbionts during bleaching events (Glynn 1993; Paulay and Benayahu 1999; Marshall and Baird 2000) . Despite their abundance, geographical distribution, and geological importance, the milleporids have seldom received attention in coral reef studies (Lewis 1989) . Similar to some groups of scleractinian corals, lack of information is partly due to the high degree of morphological variation within the genus, which renders identification of species difficult.
The taxonomic status of the various Millepora species has been controversial for more than three and a half centuries (Boshma 1948; Manchenko et al. 1993) . Efforts to identify species were mainly based on morphological characters of the corallum (the calcium carbonate skeleton): presence or absence of ampullae (receptacles bearing the sexual medusa), texture of the colony, and number of gastropores and dactylopores (Boshma 1948; de Weerdt 1984; Razak and Hoeksema 2003) . However, due to their high morphological variability, disagreement exists on the species classification based on those traits (de Weerdt 1984; Lewis 1989; Amaral et al. 2002) . Accepted valid species are those described by Boshma (1948) and later revisited by Cairns (1999) ; however, the taxonomic revision of the genus is still in progress. New forms of milleporids are being described and proposed as new species (Amaral et al. 2002 (Amaral et al. , 2008 , while a more recent revision examined the range of morphological variation and the validity of the taxonomical characters (Razak and Hoeksema 2003) .
Seven species of Millepora are described from the western tropical Atlantic: Millepora alcicornis Linnaeus 1758, Millepora complanata Lamarck 1816, Millepora squarrosa Lamarck 1816, Millepora striata Duchassaing and Michelotti 1864, Millepora nitida Verrill 1868, Millepora braziliensis Verrill 1868, and Millepora laboreli Amaral et al. 2008 ; the last three are restricted to Brazil. The species Figure 1 The different described species of Millepora in the Caribbean. Typical M. alcicornis colony from Puerto Rico (A), and a different thicker ecomorph (or a potentially different taxon) common in Bermuda (B). A typical colony of M. complanata (C), and M. alcicornis (front) and M. complanata (back) coexisting in the same habitat in Curaçao (D). Medium size M. squarrosa in Puerto Rico (E), and the rare M. striata from Honduras (F). Several different ecomorphs of Millepora (some crustose aggressive colonizers of substrate) (G), and some killing and colonizing octocorals (H). (Photos by E. Weil) in this study included M. alcicornis, M. complanata, M. squarrosa, and M. striata (Additional file 1, Figure 1 ).
M. alcicornis is abundant in the Caribbean, Bermuda, Brazil, and West Africa, primarily at less exposed areas of reefs and lagoons (de Weerdt 1984; Lewis 2006) . Colonies are branching; branches may be very delicate or coarse and largely united into plate-like constructions with flattened growing edges. The corallum grows mostly upright, but it may also encrust other sessile organisms and hard substrates. The surface of the colony is smooth and even, and the gastropore size ranges from 0.15 to 0.30 mm, while the dactylopores are small (0.06 to 0.17 mm) (de Weerdt 1984) .
M. complanata is also common throughout the Caribbean (de Weerdt 1984; Lewis 2006) , inhabiting the surf zone and reef flats. The colonies are formed by simple plates growing from a common base or may create complex honeycomb-like structures of interconnected plates. The plates grow perpendicular to the direction of the current, but in places with strong wave action, colonies may remain as a large encrusting base. The surface of the colonies varies from smooth to rough. The gastropores are large (0.22 to 0.36 mm), and dactylopores are variable in size (0.12 to 0.24 mm).
M. squarrosa is restricted in the northeastern, eastern, and southeastern Caribbean and is also reported for Brazil (de Weerdt 1984 (de Weerdt , 1990 . The colonies consist of irregular, heavy-connected, thick masses with smooth rounded edges. In older colonies, the growth form can become more plate-like and the growing edges sharper, but the plates remain connected along their whole length, resulting in a box-work structure. The surface is smooth but irregular due to the presence of crests and tubercles. Gastropore size varies from 0.20 to 0.30 mm, and the dactylopores vary from 0.07 to 0.15 mm.
M. striata is reported from Panama, Colombia, Venezuela and Guadeloupe (de Weerdt 1984) , and Belize (Fenner 1999) . Colonies are formed by loosely connected plates of very sharp edges with a strong tendency to divide along the upper edge. Longitudinal folds make the surface very uneven. Gastropores grow to sizes from 0.15 to 0.25 mm, and dactylopores vary from 0.08 to 0.18 mm.
The few taxonomical studies on the Caribbean Millepora highlight the high degree of skeletal polymorphism encountered in the genus. Two previous studies (Martínez-Estalella 1982; de Weerdt 1984) concluded that species distinctions were uncertain due to the high morphological variability among the colonies within each taxon and the overlap of skeletal characteristics between species. Additionally, reciprocal transplantation experiments (de Weerdt 1981) suggested that environmental factors might influence the colony shape. Even though controversy persists around the genus Millepora, little has been done to unravel its taxonomic ambiguity by using multicharacter approaches including molecular techniques, such as those used with scleractinian corals (Weil and Knowlton 1994) . The few available studies focused on species from Vietnam, the Red Sea, Brazil, and Bahamas (Manchenko et al. 1993; Meroz-Fine et al. 2003; Amaral et al. 2008; Squiers et al. 2011) .
The purpose of this study was to combine a morphologically based Millepora classification scheme with new molecular information based on the mitochondrial gene cytochrome oxidase subunit I (COI) to test whether different morphotypes of M. alcicornis and M. complanata represent genetically distinct taxa. The four Millepora species were evaluated genetically in an attempt to clarify the status of the Millepora species reported from Caribbean waters. Figure 1 ), using the most recent taxonomic descriptions for the Caribbean species (de Weerdt 1984) . In addition, sequences of M. alcicornis and M. complanata from seven localities across the Caribbean were added for genetic analysis: Bocas del Toro, Panama (9.231°N, 82.137°W); Grand Cayman; Mona, Puerto Rico (PR) (18.105°N, 67.940°W); La Parguera, PR (17.970°N, 67.046°W); Vieques, PR (18.119°N, 65.577°W); Guadeloupe; and Curaçao (12.084°N, 68.896°W). COI sequences from M. striata collected from Bocas del Toro, Panama were also included in the analysis.
Methods

Sampling methods
Samples
M. alcicornis was divided into two morphotypes (Additional file 3): free growth (from now on referred as branching) and the encrusting form that covers substrata and octocorals (crustose or laminar). de Weerdt (1984) and Lewis (1989) identified Millepora growing on gorgonians as M. alcicornis; however, colonies of both M. alcicornis and M. complanata have been observed overgrowing gorgonians (Wahle 1980; Squiers et al. 2011 ; all authors, personal observation). There is a wide morphological variability of Millepora overgrowing octocoral colonies, but we only included colonies that were tentatively identified as M. alcicornis by the gross morphology of the colony (forming delicate branches, instead of plates) to reduce the range of morphotypes considered within the encrusting forms. All these specimens were treated as a distinct morphotype from other M. alcicornis.
M. squarrosa was relatively common in Puerto Rico (de Weerdt 1984 (de Weerdt , 1990 , before the 2005 bleaching event (EW, unpublished data). Surveys after the bleaching event failed to find a single colony in several reefs off La Parguera (EW, unpublished data). Only three colonies were found in three reefs (Turrumote, Media Luna, and Margarita) during the duration of the study (2006 to 2007) . Tissue was collected only for genetic analysis, due to the small size of the colonies. Only two of the colonies were used (Turrumote and Media Luna) because the amplification from the Margarita sample was unsuccessful. M. striata has not been reported from Puerto Rico; four specimens were obtained from Bocas del Toro, Panama and used in the genetic analysis.
Ten colonies each of the most representative morphotypes of M. alcicornis branched (Mab), M. alcicornis encrusted (Mae), and M. complanata (Mc) were sampled (N = 30) from the front reef within a depth range of 0.5 to 9 m, following a linear transect. Selected colonies were spaced at least 5 m from each other to minimize the collection of clones. Two fragments of each colony were collected and preserved in 100% ethanol for micromorphological and genetic analyses.
Morphological variability
The 30 colonies (Mab = 10, Mae = 10, and Mc = 10) used for the morphometric analysis were collected in the reef crest of Enrique cay to ensure that colonies faced similar conditions during life (de Weerdt 1984) . A 3-cm 2 fragment of each colony was used for DNA extraction, and the remainder was cleaned with 5% sodium hypochlorite solution, dried, and analyzed under an Olympus SZH10 stereo microscope (Olympus, Tokyo, Japan) following the procedure by Amaral et al. (2002) . Five skeletal characters that have been commonly used in previous Millepora taxonomic studies were selected for the morphometric analysis: (1) diameter of the dactylopores, (2) diameter of gastropores (de Weerdt 1984; Amaral et al. 2002) , (3) distance between the gastropores (Razak and Hoeksema 2003) , (4) distance between the dactylopores, and (5) distance from gastropore to the nearest dactylopore (Additional file 4; Table two in Ruiz-Ramos (2009)).
Photographs of the surface of each colony were taken at × 30 magnification with an Olympus C-5050 camera system attached to the Olympus SZH10 stereo microscope and digitally catalogued. The selected traits were measured using SigmaScan Pro software (SPSS Inc.) after calibrating with a stage micrometer calibration slide of 10 μm accuracy.
Thirty measurements were taken from each trait of the three morphotypes (Table two in Ruiz-Ramos (2009)). To reduce intraspecific variation, the measures were taken at the center of the wave-facing side of the colonies. Parametric and non-parametric (when data did not meet the assumptions of equal variances and normality) one-way ANOVAs were used to test the hypothesis that there were no significant morphological differences between the three taxa. A posteriori Tukey's test was used to identify the colonies or species that exhibited significantly different traits. A discriminant function analysis (DFA) was used to test the utility of the five morphological characters to distinguish the pre-grouped colonies identified during the collection. The statistical analyses were performed in InfoStat version 2004 (Grupo InfoStat, FCA, Universidad Nacional de Córdoba, Argentina), SigmaStat (SPSS Inc., Chicago, IL, USA), and JMP version 5.0.1 (SAS Institute Inc., Cary, NC, USA). Voucher specimens used in this study have been deposited in the Museum of Marine Invertebrates, Department of Marine Sciences, University of Puerto Rico, Mayagüez.
Genetic analyses
Genetic analyses were performed for the 30 colonies used in the morphological analysis; four samples of M. striata and two of M. squarrosa were also added (Additional file 1). Tissue was scraped from the skeletal surface of the colony and DNA extracted using the PureGene DNA isolation kit (Gentra Systems, Inc., Minneapolis, MN, USA).
Initial gene amplifications were made with the COI primers designed by Fukami et al. (2004) , but they were suboptimal. Millepora-specific primers COIF (5′-TAGA ATTAGCTGGGCCAGGA-3′) and COIR (5′-CCTGTC TGTAAGCAGCATGG-3′) were designed from the initial COI sequences using the Primer 3 software. PCR cycling conditions consisted of an initial denaturation of 3 min at 95°C followed by 35 cycles of 15 s at 95°C for denaturation, 30 s at 50°C of annealing, 60 s at 72°C for extension, and a final extension at 72°C for 5 min. Successful PCR reactions were verified by running 5 μl of the amplicon on a 1% TBE agarose gel stained with ethidium bromide. PCR reactions were cleaned of excess dNTPs, primers, and other impurities by enzymatic treatment with the EXOSAP-IT (Affymetrix) method. Sequencing reactions with each of the primers were prepared with the 3.1 BigDye Termination Kit (Applied Biosystems, Foster City, CA, USA) and were loaded in an ABI 3130xl (Applied Biosystems).
DNA sequencing trace files were processed with CodonCode Aligner (CodonCode, Dedham, MA, USA) and exported to MacClade v. 4.05 (Maddison and Maddison 2000) for alignment. The final sequence alignment used for the analyses was 385 bp long. General summary statistics and population analysis were performed with DnaSP (Rozas et al. 2003 ) (Additional file 5). DNA neutrality tests such as Tajima's D (Tajima 1989) were computed to test for deviation from the neutral model of molecular evolution (Kimura 1968) . Numbers of shared mutations, fixed differences, and F ST values were calculated in DnaSP.
Haplotype networks were drawn with TCS 1.21 (Clement et al. 2000) . Phylogenetic trees of the samples were constructed using Bayesian inference (BI) and maximum likelihood. The AIC criterion in ModelTest (Posada and Crandall 1998) was used to identify the best substitution model for the COI sequences. Maximum likelihood (ML) analysis was performed in PAUP 4.10b (Swofford 2002 ) with the Tamura-Nei substitution model (Tamura and Nei 1993) as suggested by ModelTest, with unequal base frequencies (A = 0.22, C = 0.23, G = 0.18, T = 0.36), probability of invariable sites = 0.70, and gamma distribution parameter of α = 1.768. The BI analysis was run in MrBayes (Ronquist and Huelsenbeck 2003) using the HKY substitution model and gamma distribution, with four mcmc chain runs for 1,100,000 generations. Topology robustness was evaluated with 100 bootstrap replicates (Felsenstein 1985) and posterior probabilities.
DNA sequences (n = 274) of the Millepora species and morphotypes sampled across the Caribbean were added to the sequences from the colonies used in the morphological and genetic analyses. An analysis of molecular variance (AMOVA) (Excoffier et al. 1992) (Excoffier et al. 2005 ) with 25,000 replications, corrected by the Tamura-Nei + (Γ = 1.8) model of nucleotide substitution. Genetic differences were partitioned among populations, among morphotypes within populations and within the Caribbean. Pairwise genetic comparisons of the morphotypes were corrected with the Tamura-Nei distance. Phylogenetic trees of the Caribbean-wide Millepora were constructed by BI analysis using MrBayes (Ronquist and Huelsenbeck 2003) using the HKY substitution model and gamma distribution, with four mcmc chain runs for 1,100,000 generations. Topology robustness was evaluated with 100 bootstrap replicates (Felsenstein 1985) and posterior probabilities. All sequences have been submitted to GenBank [KC570466 -KC570844].
Results and discussion
Results
Variability of skeletal characters
There were significant differences (ANOVA, p < 0.0001) in morphological traits among M. complanata, M. alcicornis branched, and M. alcicornis encrusted (Table two in RuizRamos (2009) ). Mean gastropore diameter (in millimeters) was significantly larger (ANOVA, p < 0.001) in M. complanata (0.25 ± 0.03 mm) compared to M. alcicornis (0.20 ± 0.04 mm), but similar between the two morphotypes of M. alcicornis (0.20 ± 0.4 mm). M. complanata had significantly larger dactylopores (ANOVA, p < 0.001) (0.15 ± 0.02 mm) compared to M. alcicornis encrusted (0.13 ± 0.02 mm) and M. alcicornis branched (0.12 ± 0.02 mm), but there was no significant difference between the two morphotypes of M. alcicornis. The diameters of the gastropores and dactylopores of M. complanata and M. alcicornis were similar to those previously reported by de Weerdt (1984) .
Mean distance (in millimeters) between gastropores was significantly (ANOVA, p < 0.001) larger in M. alcicornis encrusted (1.45 ± 0.43 mm) compared to M. alcicornis branched (1.38 ± 0.38 mm), while M. complanata had the smallest values (1.10 ± 0.32 mm). The average distance from gastropore to the nearest dactylopore was significantly larger in M. alcicornis branched (0.40 ± 0.09 mm) compared to M. complanata and M. alcicornis encrusted which had similar mean gastropore-dactylopore distances (0.36 ± 0.09 mm) (ANOVA, p < 0.0001, Table two in Ruiz-Ramos (2009)).
Variability within morphotypes
Morphometric variation across colonies was significant (p < 0.001) for all the traits measured (Figures five, six, seven, eight, and nine in Ruiz-Ramos (2009)). Differences in the diameter of dactylopores and gastropores and in the distances between the pores were observed among colonies of the three morphotypes and also among colonies of the same morphotype. Some colonies with different morphologies (i.e., M. complanata and M. alcicornis encrusted) showed skeletal traits with similar dimensions.
Mean diameters of gastropores varied from 0.20 ± 0.03 to 0.25 ± 0.03 mm (Figure five in Ruiz-Ramos (2009)). Gastropore diameters overlapped in the two M. alcicornis morphotypes and were highly variable in colonies within and between morphotypes. There were significant differences (ANOVA, p < 0.0001) among the mean gastropore diameters between colonies within M. complanata with values ranging between 0.16 and 0.32 mm (±0.03). The size of the gastropores of colonies MabCO2, MabMg1, MaeLP9, MaeLP10, and MaeMg1 was significantly larger than that of the other M. alcicornis colonies and very similar to the gastropore diameters of M. complanata.
Dactylopore mean diameter varied from 0.11 ± 0.02 to 0.15 ± 0.02 mm (Figure six Distances between gastropores were less variable among colonies of the same morphology than the aforementioned traits (Figure nine in Ruiz-Ramos (2009)). The mean distance between gastropores was smaller in M. complanata (1.10 ± 0.32 mm) than in the M. alcicornis morphs. Colonies of branched M. alcicornis (1.38 ± 0.39 mm) were also distinct from colonies of encrusted M. alcicornis (1.45 ± 0.43 mm); still, overlapping measurements were recorded among some colonies of the two morphotypes.
In the three morphotypes (M. alcicornis branched, M. alcicornis encrusted, and M. complanata), we found colonies in which their micro-morphological traits were more similar to colonies of other morphotypes than to their own.
Variability across morphotypes
Despite some overlap among morphological traits, most characters were diagnostic to differentiate species. The diameters of the gastropores of M. complanata were significantly larger (Tukey's test, p < 0.0001; Figure 2 ) than in the two morphotypes of M. alcicornis. The diameters of the dactylopores were different enough (p < 0.001) to distinguish not only between M. complanata and M. alcicornis but also between the two morphs of M. alcicornis. Dactylopore diameters of M. complanata were larger (p < 0.0001) than those of M. alcicornis morphotypes. The dactylopores of M. alcicornis encrusted were larger than those of the branched morphotype (Figure 2) .
The distances between dactylopores did not differ among M. complanata and the two morphotypes of M. alcicornis (Additional file 6). The distances from gastropore to the nearest dactylopore and the distance between gastropores were significantly different (p < 0.001) among M. complanata and the two morphotypes of M. alcicornis (Additional file 6). However, the distance between gastropores was highly variable within morphotypes, ranging from 0.26 to 2.95 mm in the encrusted M. alcicornis, from 0.33 to 2.88 mm in the branched M. alcicornis, and from 0.30 to 2.22 mm in M. complanata. Gastropores were more scattered in the encrusted M. alcicornis than in the branched M. alcicornis, while the colonies of M. complanata had the smaller distances between gastropores.
The canonical discriminant function analysis (Wilk's λ = 0.145, F = 7.79, p < 0.0001) corroborated the a priori assigned groups, with 87.1% (n = 26) of the colonies correctly classified (Figure 3 ). Six colonies were misclassified: one M. complanata (McMg3), two branched M. alcicornis (Mab1, MabT23), and three encrusted M. alcicornis (MaeMg1, MaeLP3, MaeLP5). None of these colonies was misclassified in the phylogenetic analysis (see below, Figure 4) . The canonical plot showed three main groups corresponding to the three taxa (Figure 3 ). M. complanata was the most distinct morph. The two morphs of M. alcicornis were also differentiated in the plot, although 30% of the colonies (three of each morph) had similar values. A wide range of values for the M. alcicornis morphotypes was also observed, illustrating the high trait variability of the colonies. Dactylopore diameter was the variable that better discriminated M. complanata from the M. alcicornis morphotypes, while distance from gastropore to the nearest dactylopore distinguished the two morphotypes of M. alcicornis.
Molecular studies
After editing and end-trimming of the DNA traces, a portion (385 bp) of the mitochondrial COI gene was used for the genetic analyses. Each colony used for the morphological study was sequenced to measure levels of variation in COI. COI sequences of the other Caribbean species were added to the data set, for a total of 36 sequences (10 M. complanata, 10 M. alcicornis branched, 10 M. alcicornis encrusted, 4 M. striata, and 2 M. squarrosa).
Overall, 25 haplotypes were identified, with 70% of the sequences being unique ( Figure 5 ). Of those haplotypes, six belong to M. complanata, five to M. alcicornis branched, nine to M. alcicornis encrusted, four to M. striata, and two to M. squarrosa ( Figure 5 ). Almost all of the most common haplotypes were shared among morphotypes of M. alcicornis and M. complanata, across the Caribbean. One haplotype (no. 4) was shared among M. complanata and the encrusted morph of M. alcicornis, and the other (no. 9) was shared by the two morphotypes of M. alcicornis. All the M. striata and M. squarrosa haplotypes were unique and were not shared by any other species. Nucleotide diversity (π) and Watterson's theta (θ w ) were similar for all the morphotypes/species, varying from 0.01 to 0.02 (Additional file 5). Tajima's D values suggested that the COI sequences did not deviate significantly from neutrality.
Divergence among M. alcicornis, M. complanata, and M. striata was low, with M. striata more genetically different from M. complanata than from M. alcicornis.
Despite the absence of fixed differences among all pairwise comparisons (excluding M. squarrosa), M. striata and M. complanata had the highest average nucleotide difference (approximately 12% in Additional file 7). M. striata shared four segregating sites with M. complanata and the two morphs of M. alcicornis. On average, there were nine nucleotide differences between M. striata and both morphs of M. alcicornis. M. complanata shared seven mutations with M. alcicornis branched (average nucleotide difference of approximately 9.2%) and 11 mutations with the encrusted morph of M. alcicornis (average nucleotide difference of approximately 8.4%). The two morphotypes of M. alcicornis shared 9 segregating sites with an average nucleotide difference of 6.9%. Fiftyfive to fifty-nine fixed differences were identified among M. squarrosa and the other species (Additional file 7) with an average of 63 nucleotide differences. M. The NJ analysis gave similar results to the BI phylogeny; the same main clusters (now A, D, and E, Additional file 8) were recovered. Results based on ML analysis are not shown because the phylogenetic tree was greatly unresolved.
Caribbean-wide phylogeny
The Caribbean-wide phylogeny was estimated from all Millepora colonies used for the morphological measurements and from 342 additional specimens of M. complanata and the two morphs of M. alcicornis ( Figure 6 ). A total of 178 haplotypes were recovered from the sampled Millepora colonies, and 68% of them (121) were unique sequences. Twenty-one haplotypes ( Figure 5 ) were shared among two or more morphotypes or species. Of the 10 most common haplotypes, five were shared among different morphotypes or species. The specimens of M. striata yielded distinct haplotypes; one of them was shared with both M. alcicornis and M. complanata. Nine main clades were recovered, and as in the previous phylogenies, none of the species were monophyletic (Figure 6 ). The resulting phylogeny was not concordant with morphologically based species assignments of the colonies, neither with the geographic origin of the samples.
Analysis of molecular variances
An AMOVA test was applied to a portion of the Caribbean data used for the phylogeny analysis (Additional file 9). Samples across the Caribbean from three species (M. alcicornis, M. complanata, and M. striata) were added for a total of seven populations (Mona, La Parguera reef system, Vieques, Panama, Guadeloupe, Grand Cayman, Curaçao). The highest percentage of variation was found within the Caribbean region (89.89%). Significant levels of differentiation were detected among morphotypes within populations (Φ SC = 0.067), among populations (Φ CT = 0.037), and within the Caribbean (Φ ST = 0.101) (Additional file 9). None of the different morphotypes within a population was significantly different from each other (Additional file 10). In contrast, populations were significantly different across the Caribbean, with some of the populations, such as Vieques and Culebra, being only 14 km apart (Additional file 10).
Discussion
The goals of this study were to genetically delineate the four recognized species of Caribbean Millepora (M. alcicornis, M. complanata, M. striata, and M. squarrosa). The molecular data suggested that three species of Millepora exist in the Caribbean: M. squarrosa, M. striata, and the complex composed of M. alcicornis and M. complanata. M. squarrosa is highly differentiated at the mitochondrial level from the other species. M. striata is closely related to M. alcicornis and M. complanata since one of its four haplotypes was shared with the species complex. To improve the resolution of the species relationships, we used a multicharacter approach (genetic and morphological data) to discriminate between M. alcicornis and M. complanata. Analysis of variances of micro-morphological traits showed high variation between M. complanata, M. alcicornis branched, and M. alcicornis encrusted and also among colonies within each morphotype. Dactylopore diameter and distance between gastropores were the only traits in which variation among morphotypes was higher than variation within morphotypes, therefore reliably separating the three morphotypes.
The genetic data was characterized by an unexpected high variability in the COI region; however, the pattern of variation was unrelated to colony shape. The relationships among COI haplotypes recovered by Bayesian inference and neighbor joining were independent of the morphology. Our sampling design had limitations and favored comparisons between M. alcicornis and M. complanata because they were the dominant milleporids in the sampling locations. M. squarrosa populations were decimated from reefs off La Parguera during the bleaching event of 2005, and only a couple colonies were found, so no morphological analyses were undertaken.
These findings question the current status of Millepora species in the Caribbean. The limited number of samples showed high morphological variability within and among taxa in the characters measured. However, the genetic results did not support the separation of four species. The presence of intermediate forms and excessive sharing of haplotypes between M. alcicornis and M. complanata and partially with M. striata suggest that these are not discrete species. Whether these morphotypes are ecotypes of one single species, species in the process of divergence or hybrids requires further study. In contrast, M. squarrosa stands as a distinct species, and its basal position in the phylogeny suggests that this species is an ancestor of the other Caribbean species. The limited distribution of this species is curious and worth investigating.
For the genetic analysis, Millepora colonies were collected from Panama (M. striata, M. complanata, and the two M. alcicornis morphs), Puerto Rico (all except M. striata), Curaçao, Guadeloupe, and Grand Cayman (all except M. striata and M. squarrosa), while the morphometric analysis included Millepora colonies from only one location (La Parguera, Puerto Rico). Ideally, a comprehensive study of morphological variation in Caribbean Millepora should include several more locations encompassing the known distribution of each species. In very closely related species, the species boundaries may vary according to the geographic origin of the samples as it has been demonstrated in the Orbicella annularis (previously Montastraea annularis) complex ). These authors showed that Orbicella faveolata, O. annularis, and Orbicella franksi were genetically and morphologically different in Panama, whereas in the Bahamas, all three species show some degree of genetic and morphological convergence. Subsequently, Levitan et al. (2011) found colonies in Panama that are morphologically similar to O. franksi but genetically associated with O. annularis. Similarly, we find ambiguous boundaries in the Caribbean Millepora; however, we recognize that our sampling regime does not cover the known distribution of Millepora.
Previous authors have noted high intraspecific variability in the micro-morphological traits of Millepora, despite their usefulness. Boshma (1948) suggested that colony shape was the only character distinct enough to be useful in the taxonomic classification of the genus. Other studies (e.g., Martínez-Estalella 1982) concluded that the use of skeletal traits was impractical due to their high intraspecific variation. However, de Weerdt (1984) suggested that the size and density of dactylopores could have some taxonomic value when used in combination with colony shape. M. alcicornis, M. complanata, and intermediate growth forms found in San Salvador, Bahamas were discriminated morphologically on the basis of skeletal micro-structures (Squiers et al. 2011) . ITS sequences revealed contradictory results, as preassigned specimens of the two Bahamian Millepora species were also partitioned into different genetic clades (Squiers et al. 2011) . Our results corroborate those of de Weerdt (1984) , when only one micro-morphological character was used; high variability among colonies within and across species was evident. Nevertheless, caution must be exercised as the traits were very variable, and some overlapping was observed among colonies of different morphologies. Additionally, some of the five characters used in the analysis may covary, therefore violating the assumption of character independence.
Phenotypic plasticity and the environment
In marine environments, water energy, light availability and sediment transport have been shown to influence the development and survival of the organisms Yoshioka 1989, 1991) . The different morphologies of Millepora have been attributed to the different environmental regimes along the reef structure (de Weerdt 1981; Vago et al. 1994; Kaandorp 1999) . Generally, delicate branching types are distributed in calm or deep waters, while blade-like and encrusting morphs are conspicuous in high-energy environments such as the reef crest (Lewis 2006) . In the reef crest, Millepora is a fast colonizer of the substratum; a bladed morphology may limit the water impact and drag force while attaining more surface area to trap light and plankton. In habitats with limited substrate, a branching morphology facilitates exploitation of the resources in the water column, increasing the surface area for feeding and light exposure (Coates and Jackson 1986; Harper 1986; Todd 2008) . Additionally, branches can be advantageous in high-energy environments because fragmentation may help the coral to colonize and monopolize extensive habitats and increase the number of ramets (Jackson 1986; Harper 1986 ). In the case of M. alcicornis, branches may also help to localize, reach, and overgrow weaker space competitors, such as Plexaura homomalla (Wahle 1980) and Gorgonia ventalina. The overgrowth of G. ventalina by M. alcicornis may be associated with an increase of the surface area of the hydrozoan colony and, perhaps, a decrease of the energy expended in calcification.
The individual zooids may be affected by the microenvironmental conditions, showing variability in the size of the zooids within a colony. For example, the amount of light received by the zooids in the upper and lower parts of the colonies can be different, and consequently, growth rates of the zooids may also differ. In addition, the types of substratum being covered could modify the shape and size of the zooids in encrusted forms of Millepora.
In this study, the morphotypes of M. complanata, M. alcicornis branched, and M. alcicornis encrusted were recovered with the DFA, suggesting a relationship between microskeletal characters and colony shape. Dactylopore diameter and the distance between gastropores were the most diagnostic characters. Diameter of the gastropore also influenced the clustering. Whether the environment influences the morphotypes needs further investigation. Previous transplantation experiments have provided evidence for the ability of Millepora to change the colony shape when different environmental conditions are encountered (de Weerdt 1981; Meroz-Fine et al. 2003) . However, the presence of different morphotypes occurring side by side in the reef suggests that part of this morphological plasticity is genetically controlled.
Genetic variation
High intraspecific variability was not only observed at the phenotypic level but also at the molecular level; COI sequences showed high levels of polymorphism with 68% of the sequences being unique haplotypes. Despite the high number of haplotypes, sequences were not divergent enough to distinguish among species. M. squarrosa was an exception, as it was very different from the other morphs, with an average of 56 fixed mutations (25% difference). In general, genetic differentiation was higher within Caribbean populations than among the different morphotypes. However, pairwise differences were significant for M. striata and M. alcicornis from Panama, and M. alcicornis and M. complanata from La Parguera (SW) and Culebra. The lack of genetic differentiation among M. complanata and M. alcicornis provides evidence for a species complex with some geographical differentiation. Phylogenetic and haplotype network analyses did not recover a monophyletic M. striata even though significant, but small pairwise differences were found between M. striata and the complex M. complanata-M. alcicornis. Therefore, more data is needed to determine whether M. striata belongs to the species complex.
In the Red Sea, Millepora dichotoma exhibited four recognized morphotypes: delicate branched, blade-like branched, encrusting, and box-work morphs (Vago et al. 1998) . Molecular studies (Meroz-Fine et al. 2003) showed that the four morphotypes consisted of two species; each species was represented by two different morphotypes. Similar results were found for the Millepora species occurring in Vietnam (Manchenko et al. 1993) . Our study revealed similar patterns in the Caribbean, where the branched (M. alcicornis) and bladed (M. complanata) morphs were genetically indistinguishable with a neutral molecular marker. The cross-blade M. striata gave inconclusive results. The thick box-work M. squarrosa was the only distinct species.
Mitochondrial DNA is highly conserved within scleractinian corals (Anthozoa) (Shearer et al. 2002; Hellberg 2006) , but for Millepora and other members of the Medusozoa (sister group to Anthozoa), the rate of mitochondrial DNA evolution is similar to those found in the Bilateria (Govindarajan et al. 2005; Hellberg 2006 ). The COI was successfully used to identify sibling species within the Medusozoa (Dawson and Jacobs 2001; Govindarajan et al. 2005) . The analyzed portion of the COI gene (385 bp) contained 84 variable sites, of which 75 were parsimony informative, confirming the usefulness of mtDNA in species-level phylogenies in Medusozoa. Therefore, the lack of genetic divergence among M. alcicornis, M. complanata, and M. striata is not a consequence of low levels of mtDNA variation.
None of the mutations were fixed among M. alcicornis, M. complanata, and M. striata, but more than 50 mutations were fixed in M. squarrosa. Sequence divergence ranged from 22% to 25% among M. squarrosa and the other morphotypes, and from 0% to 3% between M. alcicornis, M. complanata, and M. striata. Values of sequence divergence ≥4% in the mtDNA were previously considered as a threshold for the distinction among species (Dawson and Jacobs 2001; Knowlton and Weigt 1998) .
Taxonomical and genetic incongruence of the M. complanata-M. alcicornis complex
The multicharacter approach (e.g., morphological, molecular, behavioral, life history strategy, and reproductive biology) in corals has been shown to successfully differentiate species, which could not be distinguished with one set of characters (Knowlton et al. 1992; van Veghel and Bak 1993; Weil and Knowlton 1994; Levitan et al. 2004 ). Our two-character approach (morphology and genetics) was inconclusive. The morphological characters agreed with the prevailing taxonomic status of M. complanata and M. alcicornis; morphological samples from M. squarrosa and M. striata need to be compared. The genetic data suggest M. that squarrosa is a distinct species.
Studies in corals highlight the limitation of applying a particular species concept in a group of recently divergent taxa (e.g., Orbicella, Pacific Acropora) that occupy similar habitats, exhibit phenotypic plasticity, and have no temporal and physical reproductive barriers (i.e., during mass spawning). Orbicella species are morphologically distinct, but intermediate morphs can be found (Weil and Knowlton 1994) . Orbicella spp. are composed of three sibling species (Weil and Knowlton 1994) , but evidence for a single species in Curaçao and Florida had been suggested by others (van Veghel and Bak 1993; Medina et al. 1999) . Follow-up studies showed that the geographical differences in the complex were due to a latitudinal hybridization gradient through the Western Atlantic Levitan et al. 2011) .
The application of a species concept in Millepora complanata and M. alcicornis, two widely distributed milleporids in the Caribbean, is equally problematic. The biological species concept cannot be tested yet due to lack of studies on the reproduction of Millepora. M. complanata and M. alcicornis formed paraphyletic clusters in the phylogenetic tree; therefore, the taxa did not meet the species criteria according to the phylogenetic species concept either. Additional support for this assertion is stemming from an independently involved nuclear ribosomal region (ITS), which resulted in clades containing both Millepora species and intermediate forms (Squiers et al. 2011; Tepper et al. 2012) .
Whether the Millepora species are a single evolutionary entity or an example of incipient speciation or reticulate evolution is unknown. The presence of intermediate forms and the paraphyly of Millepora species indicate the possibility of reticulate evolution, which is a common phenomenon in corals (Veron 1995; Hatta et al. 1999; van Oppen et al. 2000; Richards et al. 2008 ). On the other hand, if M. alcicornis and M. complanata are undergoing speciation, lineage sorting of the COI (this study) and ITS region (Squiers et al. 2011; Tepper et al. 2012 ) is still incomplete, suggesting recent divergence.
Conclusions
This study suggests that the Caribbean milleporids include two species, M. squarrosa and the species complex of M. alcicornis-M. complanata. More information is needed to delineate M. striata. The morphological analysis of M. squarrosa and M. striata is recommended. The use of other molecular markers and the integration of reproduction studies along geographical gradients may help to describe the Millepora species complex.
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